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Abstract 
Tactile feedback in robotic and prosthetic applications requires high resolution sensing with short response times, 
high sensitivity and conformability. Nanoparticle films offer the opportunity to realise high resolution sensors on 
flexible substrates through ink-jet printing and the ability to tailor devices characteristics to achieve sensitive and 
rapid transduction. This paper presents modelled and experimental characteristics of a novel nanoparticle resistive 
based sensor over the range of 0-250 mN for use as a tactile sensor. The response time to a ~100 mN load was less 
than 20 ms. The sensor had a sensitivity factor of 0.0039 mN-1 and a detection limit of 10 mN. The model fit to the 
experimental data has a correlation coefficient R2 of 0.987. 
 
© 2011 Published by Elsevier Ltd. 
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1. Introduction 
Human tactile perception has evolved into a highly specialised system of receptors that allows one to 
perform a range of complex tasks. By contrast, state-of-the-art robotic systems are able to perform only a 
limited subset of these functions [1] . Recent research has demonstrated highly sensitive and responsive 
conformable artificial skin [2]. However, the challenge remains to devise a system that in addition to 
being biomimetic, (Table 1) is simple to fabricate and has low power consumption. Nanoparticle (NP) 
sensors based on gold nanoparticles have demonstrated these properties and provide a building block to 
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mimic human mechanoreceptors [3, 4]. Furthermore, they can be fabricated on micro-bridges to allow 
sensing at the micron scale [4, 5]. In order to evaluate the suitability of nanoparticle sensor arrays for 
pressure sensing, individual sensors must be assessed for their sensitivity, response time and repeatability. 
This study converts the biomimetic pressure requirement to an equivalent point load over a given sensing 
area to allow simplified theoretical and experimental analysis of suspended NP films. 
 
Table 1: Design requirements for a biomimetic tactile sensor [1] 
 
 
 
 
2.  Theory: Nanoparticle Sensor 
The relative change in resistance οܴ ܴΤ  in Eq. 1 of a metal NP film linked by organic molecules and 
fixed at its ends is dependent on the sensitivity factor (SF) and applied point load (F). The sensitivity 
factor (SF) defines the sensitivity to force and relates to the NP film properties: nanoparticle diameter (d), 
interparticle separation gap (l), conductance of the linker molecules (ȕ) (Fig.1a). In addition, SF  also 
relates to the substrate properties: Young’s Modulus (E), Length (L), width (w) and thickness (t) (Fig.1b) 
[4, 6]. The model assumes the contribution of the NP thin film to the deformation is negligible.  
 
οோ
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   (1) 
 
The model provides the appropriate design rules for a micro-bridge NP force sensor. It proves that 
sensitivity to tactile load and dynamic range of individual sensors can be adjusted through control of the 
substrate and NP film properties. The simulated sensor characteristics to loads required for biomimetic 
sensing for a 1 mm2 sensing area and nominal NP film properties [4] is outlined in Fig.1c. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Property Requirement 
Spatial Resolution < 1 mm2 
Response Time < 10 ms 
Multi Axial Measurements 
Large Area Sensor 
2 mN /mm2 Sensitivity, 0-1000 mN/mm2 Range 
Sensors on Conformable/Flexible Substrates 
Fig.1. a) NP film structure b) Schematic of proposed deformation mechanism  c) Simulated relative change in resistance of NP film 
(ȕ=10 nm-1, d + l=10 nm) on a polyester substrate (E=1.2 GPa, L=1 mm, w=1 mm) with a change in substrate thickness 
t=(50,75,100) ȝm shows a variability in SF =(0.002,0.0007,0.0004)  mN-1. 
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3. Fabrication 
The NP ¿OPVwere based on aqueous suspensions of gold. The gold NPs were functionalised by adding 
100 μl of 100 mM 4-nitrothiophenol (4-NTP) dissolved in dimethylsulfoxide to 100 ml of aqueous NP 
sol. NPs are deposited using an Autodrop printing system (Microdrop Technologies, Germany) on to 50 
ȝPWKLFNpolyester transparency films. Contacts were made with the film using conductive silver paste. 
Since the model in Eq. 1 indicates response characteristics are scalable, NP films were in this instance 
fabricated on 5 mm by 10 mm substrates. The initial resistance of the NP film was measured at 1.3 M:.  
4. Experimental Characterisation Methods 
The relative change in resistance of the NP film on polyester substrates was analysed by applying a 
range of pressures to the centre of the film glued across two rigid substrates. This was done using a 
DC3K micromanipulator (Marzhauser Wetzlar, Germany) and an AFG force gauge (Mecmesin, UK). The 
time response was assessed by instantaneously straining the film bonded to a flexible metal bubble-top 
lid, simulating a step response to an applied load of ~100 mN. In addition, a “ramp-hold-release” stimulus 
was applied at low speeds using the micromanipulator for further dynamic characterisation.  
5. Results and Discussions 
The sensor model in Eq.1 was fitted to the experimental data through estimation of SF by a non-linear 
fit (R2=0.987). The NP film had a minimal detectable force of 10 mN with a high sensitivity   
SF=0.0039 mN-1 (Fig.2a). However, the model was only accurate at low applied loads (0-100 mN) where 
the assumptions of small strain occur. In addition, some hysteresis was also observed (Fig.2a Inset). The 
NP film showed improved repeatability between successive iterations as illustrated by the consistency in 
residuals from Exp 2-6 (Fig.2b). The viscoelastic properties of the substrate possibly cause this 
phenomenon due to rearrangement of fibres at the clamped edge [5]. 
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Fig.2. a) Measured and modelled relative change in resistance with applied load for NP film. The sensitivity factor (SF) was 
estimated to be 0.0039 mN-1 by non-linear optimisation. All other parameters were measured or known. (Inset) Hysteresis 
observed during unloading b) Residual between model and experiment of the NP film response over six repeats. (Inset) Relative 
change in resistance against applied load over six repeats over a 0-250 mN range. 
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The dynamic characteristics of the NP film to a “ramp-hold-release” stimulus indicate a good 
correspondence between applied force and relative change in resistance (Fig.3a). The response of the film 
to an assumed instantaneous strain indicates a rise time of ~20 ms with a settling time of ~40 ms (Fig.3b).  
The NP film sensitivity to strain and minimal detectable force is a significant improvement on metal foil 
strain gauges used in tactile sensing [5]. Additionally, the sensor response is comparable to that of 
recently demonstrated artificial skin [2]. 
6. Conclusions  
The NP film has a detection limit of ~10 mN to applied loads and a sensitivity factor of 0.0039 mN-1 on 
a polyester substrate, and is confirmed by experiment and model through a correlation coefficient R2 of 
0.987. This can be further improved by tailoring substrate and NP film properties. Initial results indicate 
the NP film has a rise time of less than ~20 ms and a correspondence between applied load and sensor 
output with time. Additional analysis of the frequency response as well as experimental validation of 
miniature devices is essential for further development of NP biomimetic tactile sensors. 
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Fig.3. a) Response of the NP film to a ramp (first line), hold (second line) and release (third line). b) Dynamic change in applied 
load to an assumed step input for a film adhered to a metal bubble top lid. (Inset) Successive dynamic loading. 
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